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Abstract Recession ﬂow analysis is usually conducted to infer hydraulic parameters of hillslope aquifers.
Various Boussinesq equation-based models, both linear and nonlinear, have been used to analyze the
recession curves for sloping aquifers, with a focus on the long-time recession behavior. Based on a modiﬁed
Boussinesq equation with capillarity incorporated, we demonstrate the signiﬁcant effect of unsaturated
ﬂow on the recession curve, which result in three (instead of two) power law regimes with two transition
points (instead of one) corresponding to the formation of a fully unsaturated zone at the adjacent area of
the upslope boundary and across the whole domain, respectively. The results show that the power of the
second and third recession regime is variable, depending on the slope angles, soil types, and hillslope
geometries. The unsaturated ﬂow effects also lead to the absence of drastic drop of 2dQ=dt at the transi-
tion between the ﬁrst and second regime, which was predicted by previous numerical models but has not
been observed in the ﬁeld or laboratory experiments. These ﬁndings have important implications for
recession ﬂow analysis in studies of hillslope aquifers.
1. Introduction
Recession ﬂow analysis has been widely used to estimate the hydraulic parameters of aquifers in catch-
ments (Brutsaert & Nieber, 1977; Hogarth et al., 2014; Parlange et al., 2001; Rupp & Selker, 2006b; Szilagyi
et al., 1998). Brutsaert and Nieber (1977) proposed a power law relationship (referred to as the BN method
hereinafter) between the discharge Q from a horizontal aquifer and its ﬁrst-order time derivative2dQ=dt:
2
dQ
dt
5aQb (1)
where a is a function of aquifer properties and b is the exponent. Plots of 2dQ=dt versus Q on a log-log
scale show recession curves of two linear regimes with different slopes characterizing short-time and long-
time recession behaviors, respectively (Troch et al., 2013). Subsequent studies have been carried out to
examine the slopes of the two linear regimes, short-time slope (b1) and long-time slope (b2) with the latter
attracting more attention.
Since the BN method was proposed, many studies have been carried out to explore the value of b2. It
should be noted that there is no singular ‘‘true’’ value of b2, which depends on a number of factors related
to the hillslope conﬁguration and aquifer properties. The values mentioned hereinafter are speciﬁc to the
assumptions adopted by the various studies. Brutsaert and Nieber (1977) demonstrated theoretically
b25 3/2, which was conﬁrmed by Troch et al. (1993) and Szilagyi et al. (1998). Parlange et al. (2001) derived
an analytical solution to the Boussinesq equation, which also supports b25 3/2. Other studies inferred that
b25 1, based on ﬁtting of the recession discharge data measured from the Washita River Basin and Arkan-
sas River Basin (Brutsaert & Lopez, 1998; Eng & Brutsaert, 1999). Parlange et al. (2001) suggested that b25 1
might be due to unnoticeable factors (e.g., small ponds) contributing to water movement. van de Giesen
et al. (2005) also obtained b25 1 based on the Laplace equation for two-dimensional saturated ﬂow in the
aquifer. For more details regarding the summary and derivation of these values, the readers may refer to
the review of Rupp and Selker (2006b).
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The BN method was initially proposed for horizontal aquifers, but it was soon extended to sloping aquifers
(e.g., Beven, 1981; Brutsaert, 1994; Huyck et al., 2005). Again, we would like to emphasize that there exists
no single ‘‘correct’’ value of b2 for sloping aquifers either, and the values summarized below are based on
assumptions made in previous studies. For ﬁnite sloping aquifers, analytical solutions have been derived pri-
marily via either a kinematic wave approximation (Beven, 1981; Harman & Sivapalan, 2009b) or linearized
Boussinesq equation (Brutsaert, 1994; Huyck et al., 2005; Sanford et al., 1993). These two approaches led to
different predictions of b2, with the kinematic wave approximation suggesting b25 0 (Beven, 1982) (note
that the zero value may also arise from the initial conditions adopted) while the linearization approach giv-
ing b25 1 (Brutsaert, 1994; Huyck et al., 2005; Steenhuis et al., 1999) or 3/2 (Sanford et al., 1993). More
recently, Hogarth et al. (2014) obtained a new analytical solution to the nonlinear Boussinesq equation by
adding gravity corrections to their earlier analytical solution for a horizontal aquifer and also suggested that
b2 equals to 0. Pauritsch et al. (2015) showed that the results of analytical solutions differ greatly from the
simulation results of groundwater ﬂow model MODFLOW and discovered b25 1/3, a new value that had
not been reported previously. Note that b25 0 would mean a linear decline in the ﬂow, resulting in ﬂow
ceasing at some point in time. A value of b25 1 gives an exponential decay of the ﬂow. For values of b2
between 0 and 1, the ﬂow becomes zero in a ﬁnite time and for b2  1 the ﬂow never ceases.
The above mentioned studies obtained different values of b2, which is applicable in different situations for
the recession ﬂow analysis. However, they all neglected an important factor—unsaturated ﬂow, which has
been shown to affect the groundwater table dynamics and water movement in the saturated zone (Barry
et al., 1996; Kong et al., 2013, 2015; Paniconi et al., 2003). Would it inﬂuence the aquifer drainage process
and hence the recession ﬂow signiﬁcantly? Motivated by this question, we conducted this study, aiming to
better understand the processes and factors that underlie the recession characteristics as represented by
the power law, in particular, b2 for the long-time behavior.
Built upon the work of Troch et al. (2003), Hilberts et al. (2007) incorporated the effects of unsaturated ﬂow
into the nonlinear Hillslope-storage Boussinesq (HSB) model. However, they considered only the storage
capacity in the unsaturated zone and neglected the lateral water transport. Following this work, Kong et al.
(2016) further improved the HSB model by considering the lateral unsaturated ﬂow, which led to more
accurate hydrograph predictions as shown through comparison among various models against the mea-
surement data of Hilberts et al. (2005) and simulation results of SUTRA (Voss & Provost 2008). The improve-
ment of the modiﬁed HSB model highlighted the importance of unsaturated ﬂow in the hillslope drainage
process, as reﬂected in water table and drainage ﬂux. However, it remains unclear how the unsaturated
ﬂow affects the recession behavior of aquifers, particularly the value of b2. This study aimed to gain insights
into the effects of unsaturated ﬂow on recession characteristics by laboratory experiments and numerical
simulations using different HSB models, with a focus on the long-time behavior. Two speciﬁc research ques-
tions were addressed:
1. Does the recession curve predicted by the HSB model with unsaturated ﬂow effect included for a sloping
aquifer follow the power law of equation (1)?
2. How does the unsaturated ﬂow affect the long-time recession (e.g., the value of b2) of sloping aquifers?
2. Methodologies
2.1. Laboratory Experiments
Laboratory experiments were conducted using a sand ﬂume with dimensions of 1.8 m (length) 3 0.2 m
(width) 3 0.6 m (height) (Figure 1a). The slope angle of the ﬂume was controlled by a forklift and can be
adjusted between 08 and 158. All the boundaries were made impermeable except the surface boundary,
which was connected to the atmosphere, and the downstream (downslope) boundary, where a 0.01 m high
outlet with highly permeable geofabric was set to drain the water and prevent the sand leakage. To avoid
air encapsulation or layering effects, we ﬁlled the ﬂume with water before adding well-sorted sand, which
has a saturated hydraulic conductivity of 4.57 3 1023 m/s (using the Darcy column test) with a porosity of
0.39 (using the oven-drying method). Also, we ﬁtted the measured data of soil moisture (using the weighing
method) and suction head (using the HITACHI CR21GII high speed refrigerated centrifuge) to determine the
original van Genuchten (VG) parameters via a regression analysis (Table 1 and supporting information Fig-
ures S1a and S1b).
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A rectangular column was placed underneath the outlet to collect the discharging water (Figure 1a). The dis-
charge rate was determined via the temporal variation of water level (dh) over a period of time (dt) in the rect-
angular column, with the water level measured using a water pressure datalogger (Solinst, Levelogger Model
3001 F6/M2, 1 mm accuracy). Since the discharge from the sand ﬂume decreased with time, particularly at the
late stage, we designed the rectangular column to have a three-layer structure with reduced length and width
from bottom to top (Figure 1b). In this way, the water level variation resulting from the increasingly low dis-
charge rate at the late stage could be captured by the pressure datalogger with sufﬁcient accuracy.
We conducted three laboratory experiments with slope angles of 58, 108, and 158, respectively. As shown in
supporting information Figure S1c, in all the three experiments, the initial water level was horizontal with
the same water level (h5 0.5 m) at the origin (x5 0 m). Since this study focuses on the recession curve at
the late stage, the initial condition is expected to have minor impact on the results (as has been validated
by laboratory experiments). The calculation method plays an important role in accurately estimating the
rate of change in discharge. To ensure the accuracy, we adopted the variable time step method that has
been widely used in previous studies (Roques et al., 2017; Rupp & Selker, 2006a):
2
dQ
dt
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Figure 1. (a) Side view of the sand ﬂume with ﬁlled lab sand and the rectangular column for collecting discharging water.
On the left is the forklift that adjusts the slope angle (i) of the sand ﬂume. (b) Enlarged view of the rectangular column
with three variable cross sections. The dimensions of cross sections from the bottom to the top are 0.3 m (length)3
0.3 m (width)3 0.3 m (height), 0.2 m (length)3 0.2 m (width)3 0.3 m (height), and 0.1 m (length)3 0.1 m (width)3
0.45 m (height), respectively.
Table 1
Van Genuchten Parameters (Original, Modiﬁed) and Hydraulic Parameters of Lab Sand, Sand, and Loam
Parameter
Original
Modified by
Hilberts et al.
(2005)
Modified by
Kong et al. (2016)
Ks (m/s) hs hraVG (1/cm) n ah (1/cm) nh a (1/cm) n1 b (1/cm) n2
Lab sand 20.075 4.2981 20.0629 3.6981 20.0629 3.6981 20.0105 4.0721 4.57 3 1023 0.39 0.01
Sand 20.063 4.4545 20.0532 3.7708 20.0524 3.6499 20.0849 4.6721 4.63 3 1024 0.32 0.05
Loam 20.0161 2.6632 20.0090 1.7608 20.0099 2.2264 20.0279 2.3691 2.89 3 1026 0.38 0.06
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where k and k2j indicate Q at times t and t2 k2jð ÞDt, respectively. Integer j is determined according to the
following condition:
Qk2j2Qk
   C Q Hk1Eð Þ2Qk½  (3)
where E represents the measurement precision; Q Hð Þ expresses the stage-discharge relation; and C is a
user-deﬁned constant that typically ranges from 1 to 100, and was set to 50 in current study (Roques et al.,
2017; Rupp & Selker, 2006a).
2.2. Governing Equations
Under the assumption that streamlines are parallel to the underlying bedrock, the groundwater ﬂow in an
unconﬁned, homogeneous, and isotropic hillslope aquifer overlaying an impermeable base (supporting
information Figure S2) can be described by
q52Ksh
@h
@x
cos i1sin i
 
(4)
where q [L2 T21] is the Darcy ﬂux per unit width along the sloping bed, h [L] is the water table height per-
pendicular to the impermeable layer, i is the slope angle, and Ks [L T
21] is the saturated hydraulic conductiv-
ity. Note that soil heterogeneity has been found to extend the recession limb and result in a higher b2 value
of the recession curve (Harman & Sivapalan, 2009a).
The water balance of the hillslope aquifer can be expressed as
wf
@h
@t
52
@wq
@x
1Nw (5)
where f is the effective drainable porosity, w [L] is the hillslope width along the sloping bed, and N [L T21] is
the groundwater recharge rate, which is set to zero here since this study only examines the drainage pro-
cess. Nonetheless, it should be pointed out that the variability in recharge and evaporation (N) may increase
the difference in the slopes of individual recession curves recorded at different times (Posavec et al., 2006).
Substituting equation (4) into equation (5) yields the original HSB model (Troch et al., 2003) (referred to as
the Troch-HSB model hereinafter):
wf
@h
@t
5Ksw
@
@x
h
@h
@x
 
cos i1
@h
@x
sin i
 
(6)
Note that the original HSB model does not consider the effects of unsaturated zone and treats the drainable
porosity f as a constant related to the saturated water content (hs) and ﬁeld capacity (hr) of the soil, respec-
tively. Hilberts et al. (2005) derived an expression of variable drainable porosity by assuming hydrostatic
pore water pressure distribution in the unsaturated zone:
f5 hs2hrð Þ 12 11 ah h2Dð Þcos ið Þnh½ 2121=nh
n o
(7)
where D [L] is the aquifer thickness and ah [L
21] and nh are the modiﬁed VG parameters and obtained via
ﬁtting to the original VG curves (Table 1 and supporting information Figures S1a and S1b). Equation (7) was
incorporated into the original HSB model (equation (6)) to make the Hilberts-HSB model. Kong et al. (2016)
further improved the HSB model by considering lateral ﬂow in the unsaturated zone. Their model (referred
to as the Kong-HSB model hereinafter) led to more accurate predictions of recession ﬂow:
wf 
@h
@t
52
@wq
@x
1Nw (8a)
q52Ks Maxðh; 0Þ1P½  @h
@x
cos i1sin i
 
(8b)
P5 D2hð Þ 11 b h2Dð Þcos ið Þn2½ 21=n21Minðh; 0Þ  11 bhcos ið Þn2½ 21=n2 (8c)
f 5 hs2hrð Þ 11 a Minðh; 0Þ  cos ið Þn1½ 2121=n12 11 a h2Dð Þcos ið Þn1½ 2121=n1
n o
(8d)
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where a [L21], b [L21], n1, and n2 are the new modiﬁed VG parameters
related to soil properties, and derived via ﬁtting to the original VG curves
(Table 1 and supporting information Figure S1); f  is the drainable poros-
ity derived by Kong et al. (2016); P is the equivalent propagation thickness
[L] in the vadose zone. It should be noted that h is a continuous function
varying from the initial water table height to negative values, which rep-
resent the average suction heads under fully unsaturated condition that
develops locally as the water table recedes downslope. As a result, the
moving boundary problem for the original HSB model (with h 0) does
not exist for the Kong-HSB model as h varies continuously from positive
to negative values. Both continuous functions Max h; 0ð Þ and Min h; 0ð Þ
are introduced to account for unsaturated ﬂow effects under fully unsatu-
rated or mixed saturated-unsaturated conditions, respectively.
2.3. Numerical Model Setup
Since analytical solutions for the above three HSB models are not available, we numerically solved them
based on an implicit ﬁnite-difference method. In addition to simulating the three experiments conducted in
present study, we also simulated other cases based on the experiment setup of Hilberts et al. (2005), with
the aquifer thickness (D) and aquifer length (L) set to 0.5 and 6 m, respectively. Troch et al. (2003) revealed
signiﬁcant inﬂuences of hillslope geometry on the drainage behavior. Accordingly, we considered three hill-
slope conﬁgurations: rectangular, divergent, and convergent (Table 2 and supporting information Figure
S3). Given the focus of the present study on effects of unsaturated ﬂow on aquifer drainage in relation to
the recession curve, two soil types were considered in these additional cases: sand and loam with weak and
strong capillary effects, respectively. For each soil type, we considered six slope angles: 08, 58, 108, 158, 208,
and 258. As a result, we simulated a total of 36 extra cases.
In all cases, the outlet was set as a Dirichlet-type boundary with h 0; tð Þ50 and the upper end of the hillslope
was treated as a no-ﬂow boundary, i.e., @h@x cos i1sin i50. The initial condition was set based on the experi-
ment by Hilberts et al. (2005) (supporting information Figure S1d). As mentioned earlier, the initial condition
has minor impact on the recession curve at the late stage. The model domain was discretized with a uni-
form cell of 0.05 m along the slope direction. The time step was set to 4 and 180 s for sand and loam,
respectively. Tests on the dependency of simulations on mesh size and time step were conducted to ensure
that results presented here are convergent numerical solutions. Without considering recharge (N), the reces-
sion discharge based on simulation results was calculated as follows:
QðtÞ5
ðL
0
2wf
@h
@t
dx (9)
where f is replaced by f  in the Kong-HSB model. Then the rate of change in discharge was estimated via
equation (2) and the recession ﬂow analysis was carried out according to equation (1). Linear functions
were ﬁtted to different sections of the recession curve—log-log plot of 2dQ=dt versus Q.
3. Results and Discussions
3.1. Unsaturated Flow Effect on Long-Time Recession
Figure 2 shows the experimental data on the log-log plot of 2dQ=dt versus Q. The recession curves display
a slowly varying feature for all slope angles, even in the later drainage stage with lesser quantity of dis-
charge. The drastic drop of 2dQ=dt does not occur, as conﬁrmed by data from the present laboratory
experiments. Based on the experiment settings, the recession curves produced by the Troch-HSB, Hilberts-
HSB and Kong-HSB models are all plotted and compared. All the recession curves given by these models
follow the power law proposed by Brutsaert and Nieber (1977) with sections of different powers, whether
considering the unsaturated ﬂow or not. By comparison, the predictions of the Kong-HSB model are closer
to the results of experiments for all the three slope angles. The predicted results of the Troch-HSB and
Hilberts-HSB models are almost identical and differ greatly from that of the Kong-HSB model. At the late
stage, the recession curves produced by the Troch-HSB and Hilberts-HSB models are more inclined to being
horizontal. However, the experiment results exhibit a continuous declining trend, owing to the contribution
Table 2
List of Simulation Cases
Hillslope Soil type
Upslope
width
(m)
Downslope
width
(m)
Aquifer
thickness
(m)
Aquifer
length
(m)
Rectangular Lab sand 0.2 0.2 0.6 1.8
Sand 1 1 0.5 6
Loam 1 1 0.5 6
Divergent Sand 0.5 2.5 0.5 6
Loam 0.5 2.5 0.5 6
Convergent Sand 2.5 1.5 0.5 6
Loam 2.5 1.5 0.5 6
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of unsaturated zone that sustains the drainage process. It should be mentioned that when the slope angle
is increased to 158, we can see a little bump in the middle of the recession curve of the Kong-HSB model
(indicated by the blue arrow in Figure 2c), consistent with the measured data.
To further investigate the inﬂuence of unsaturated zone on recession ﬂow analysis, we compare the three
HSB models for additional cases under a wider range of conditions with different hillslope geometries, slope
angles and soil types. As there are no corresponding experiment results, we used the simulation results of
SUTRA, a 3-D variable-saturation groundwater model developed by Voss and Provost (2008), as the referen-
ces for comparing the HSB models in predicting simulated recession curves by SUTRA. Different mesh sizes
and time steps were tested to ensure the convergence of the SUTRA simulation results (mesh discretization
shown in supporting information Figure S3).
Again, for sandy rectangular (Figure 3a), divergent (Figure 4a), and convergent (Figure 5a) aquifers, the
recession curves given by the Troch-HSB and Hilberts-HSB models are quite close to each other for all slope
angles and both deviate from the predictions of the Kong-HSB model. The deviation becomes more signiﬁ-
cant as the slope angle increases. Despite the difference, the variation of the transition point (transition
from short-time to long-time behavior) predicted by the three HSB models is quite similar, exhibiting a shift
toward the upper right corner with larger values of Q and 2dQ=dt as the slope angle increases—essentially
earlier occurrence of the transition for steeper hillslope aquifers. All three HSB models predict variations of
 
 
Bump 
Figure 2. Comparison between measured experiment values and predicted values of different HSB models for different slope angles.
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Figure 3. Recession curves of (a) sandy and (b) loamy rectangular hillslope aquifers for different slope angles. Lines represent results of different HSB models while
small red circles represent the simulation results of SUTRA. Colored ﬁlled circles represent the transition points. The drastic drop of 2dQ/dt is highlighted using
either locally enlarged subplots (Figure 3a) or large red circles (Figure 3b).
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 Figure 3. (continued)
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Figure 4. Recession curves of (a) sandy and (b) loamy divergent aquifers for different slope angles. Lines represent results of different HSB models while small red
circles represent the simulation results of SUTRA. Colored ﬁlled circles represent the transition points (t2 and t4).
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Figure 4. (continued)
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Figure 5. Recession curves of (a) sandy and (b) loamy convergent aquifers for different slope angles. Lines represent results of different HSB models while small
red circles represent the simulation results of SUTRA. Colored ﬁlled circles represent the transition points (t2 and t4). The drastic drop of2dQ/dt is highlighted
using either locally enlarged subplots (Figure 5a) or large red circles (Figure 5b).
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 Figure 5. (continued)
Water Resources Research 10.1002/2017WR022257
LUO ET AL. 2048
recession curves with changes of slope angle, particularly for sandy aquifers, highlighting the important
role played by slope angle in affecting the long-time recession characteristics.
The recession curves produced by the Troch-HSB model show a sudden drop of 2dQ=dt at the transition
point for sandy rectangular (Figures 3a4–3a6) aquifers with slope angles of 158 and larger, and sandy con-
vergent (Figures 5a3–5a6) aquifers with slope angles of 108 and greater. This is consistent with the ﬁnding
of Pauritsch et al. (2015), who compared various analytical approximations of recession ﬂow with predic-
tions of the groundwater ﬂow model MODFLOW (with no consideration of the unsaturated ﬂow). Pauritsch
et al. (2015) proposed three possible reasons for explaining the sudden drop associated with the formation
of a moving boundary in the saturated ﬂow model. However, they also pointed that this had not been
observed in ﬁeld measurement data. Interestingly, the Hilberts-HSB, Kong-HSB and SUTRA models predict
no such drastic drop of 2dQ=dt at the transition point; instead, the predicted recession curves show a grad-
ual change. These three models all consider the storage capacity in the unsaturated zone. We infer that the
unsaturated zone has a storage capacity that allows water to be retained from and released to the saturated
zone, thereby smoothing out the sudden drop of 2dQ=dt at the transition point. It is noteworthy that the
Troch-HSB model predicted no such drastic drop for the sandy divergent aquifer (Figure 4a). This is due to
increased discharge capacity as the ﬂow domain expands toward the outlet.
The capillary effect of the sand used in the experiments of Hilberts et al. (2005) is quite similar to that of the
sand used in the present laboratory experiments; and so considering another soil type (e.g., loam) with dif-
ferent capillary effect would allow us to better understand how the unsaturated zone affects the recession
curves. As can be seen, for the loamy rectangular (Figure 3b), divergent (Figure 4b) and convergent (Figure
5b) aquifers with stronger capillarity, the recession curves predicted by the Troch-HSB and Hilberts-HSB
models differ from each other even in the case of a horizontal aquifer. However, the overall recession char-
acteristics predicted by these two models are very similar for all slope angles, especially for the long-time
trend. In contrast, the recession curves generated by the Kong-HSB model display different features. Again,
the sudden drop of 2dQ=dt predicted by the Troch-HSB model for rectangular aquifer with slope angles of
158 and larger (Figures 3b4–3b6) or convergent aquifer with slope angles of 108 and greater (Figures 5b3–
5b6) is absent in the recession curves of the Kong-HSB and Hilberts-HSB models. No such drastic drop of 2
dQ=dt at the transition point was predicted by the Troch-HSB model or the other two HSB models for loamy
divergent aquifers (Figure 4b).
3.2. Value of Recession Curve Slope
We ﬁtted linear functions to the long-time sections of the recession curves based on log-transformed data
predicted by the three HSB models for different slope angles and compared the slopes of ﬁtted lines (i.e.,
b2) among the cases. The focus is on b2 because unsaturated ﬂow exerts negligible inﬂuences on b1, as
reﬂected by the same value of b1 for different hillslope geometries, slope angles and soil types (supporting
information Figure S4). Although the values of Q and 2dQ=dt differ by several orders of magnitude
between sandy and loamy rectangular hillslope aquifers, b2 predicted by the Troch-HSB model is identical
for these two soil types and monotonically decreases with the rise of slope angle, from 3/2 in the case of a
horizontal aquifer (i5 08) to 0.19 for a steep hillslope aquifer (i5 258) (Figure 6a). For divergent (Figure 6b)
and convergent (Figure 6c) hillslope aquifers, b2 predicted by the Troch-HSB model demonstrates the same
characteristics, since the model does not account for the effects of soil properties on the slope of the reces-
sion curve.
In comparison with the Kong-HSB model for sandy rectangular aquifers, both the Troch-HSB and Hilberts-
HSB models overestimate b2 for mild hillslopes of 108 and smaller, but underestimate b2 for hillslopes of 158
and larger (Figure 6a1). Despite the discrepancy, the predicted b2 values by the three HSB models are quite
close to each other for all slopes, owning to the relatively weak capillary (unsaturated ﬂow) effect of sand.
Similar discrepancy is also apparent for sandy convergent hillslope aquifers (Figure 6c1). Nonetheless, all
the HSB models predicted the same b2 for the sandy divergent hillslope aquifers (Figure 6b1) except for the
slope angle of 08, since the divergence of aquifer width enhances the drainage, even for the unsaturated
zone, thereby overwhelming the unsaturated ﬂow effect.
For hillslope aquifers composed of loam with stronger capillarity, the Troch-HSB and Hilberts-HSB models
both dramatically underestimate b2 for all slope angles and hillslope geometries (Figures 6a2, 6b2, and 6c2).
Moreover, the b2 values predicted by the Kong-HSB model for loamy aquifers are quite insensitive to slope
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Figure 6. b2 of (left) sandy and (right) loamy aquifers with (a) rectangular, (b) divergent, and (c) convergent hillslope, predicted by different HSB models for various
slope angles.
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angle. For example, it only decreases slightly from 1.91 for slope angle of 08 to 1.73 for slope angle of 258 in
the rectangular aquifer (Figure 6a2). Based on the above comparison, we can draw the conclusion that b2
depends on slope angle, soil type and hillslope geometry, varying between 0 and 2. This ﬁnding highlights
the uncertainty in recession ﬂow analysis and partly explained the puzzle why so many values of b2 have
been reported in the literature previously.
3.3. Occurrence of Three Recession Regimes
Noticeably, the recession curves produced by the Kong-HSB model show a relatively steep section (referred
to as longer-time section hereinafter) following the long-time section for cases with slope angles of 58 and
greater, particularly in the sandy aquifers, regardless of the hillslope geometries. In other words, there are
two transition points in these recession curves, as indicated by the yellow circle, which separates the short-
time and long-time regimes, and the cyan circle, which separates the long-time and longer-time regimes
(Figures 3–5). To the authors’ best knowledge, this three-regime behavior has not been reported in previous
studies and thus requires further examination.
We plotted the saturation proﬁle and water table in the sandy (Figures 7a and 7b) and loamy (Figures 7c
and 7d) rectangular aquifers, at different elapsed times over the three sections for the case with a slope
angle of 108. Over the longer-time section, the saturation zone vanishes (t4–t6 in Figures 7b and 7d,
   
  
t1 t2 
t3 t4 
t6 t5 
Short-time regime 
Long-time regime 
Longer-time regime 
t1 t2 
t3 t4 
t6 t5 
(b) 
Short-time 
regime 
Long-time 
regime 
Longer-time 
regime 
(a) 
(d) (c) 
Figure 7. Recession curve of Kong-HSB model for a (a) sandy and (c) loamy rectangular hillslope aquifer with a slope angle of 108 on the Q versus2dQ/dt log-log
plot, and saturation distribution and water table at selected elapsed times (t1–t6) for (b) sandy and (d) loamy rectangular hillslope aquifer. The white lines indicate
water table within the aquifer.
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Figure 8.Water storage in the saturated (SSat) and unsaturated (SUnsat) zones of (left) sandy and (right) loamy rectangular (a1–a4), divergent (b1–b4), and conver-
gent (c1–c4) hillslope aquifers for slope angles of 08 and 108, respectively.
Water Resources Research 10.1002/2017WR022257
LUO ET AL. 2052
  
 
 
 
 
t2 
t4 
t2 
t4 
(b3) (b4) 
t2 
(c1) (c2) 
(c3) (c4) 
t2 
t2 
t4 
t4 
t2 
Figure 8. (continued)
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showing no presence of a water table due to h5 0 at the outlet) and the recession ﬂow is solely governed
by water drainage from the unsaturated zone. The water saturation in the loamy aquifer remains relatively
high during this period (t4–t6) due to the strong capillary effect of loam, while the sandy aquifer has
become rather dry. Note that although the Troch-HSB model also produces three-section recession curves
for slope angles of 108 and larger, in this case, it is treated as an artifact of the numerical model (Bogaart
et al., 2013; Pauritsch et al., 2015). Indeed, the Troch-HSB model cannot predict the longer-time regime
because once the saturated zone disappears, the drainage immediately ceases as determined by the model
governing equation.
To further explore the three recession regimes, we calculated the time-dependent water storage in the satu-
rated (SSat) and unsaturated zones (SUsat) in both sandy and loamy rectangular (Figures 8a1–8a4), divergent
(Figures 8b1–8b4), and convergent (Figures 8c1–8c4) aquifers for slope angles of 08 and 108. For the sandy
horizontal aquifer, SSat decreases rather slowly to approach zero, while SUsat increases rapidly at the early
stage to reach and subsequently remain at a constant level (Figures 8a1, 8b1, and 8c1). When SSat falls to
zero, the drainage process ceases (note that recharge and evaporation are neglected). In this case, the tran-
sition from the short-time to long-time recession regime occurs when SUsat reaches around its maximum.
Generally, the unsaturated zone has two functions, namely retaining and supplying water. As the drainage
process continues, we can see from Figure 7 that such a transition happens near t2, when the adjacent area
of the upslope end of the aquifer becomes fully unsaturated, i.e., with the capillary fringe drained. Under
such a condition, water in the unsaturated zone around the upslope end loses connection to the saturated
zone and only directly contributes to the drainage downslope. From then on, the recession curve slope
changes.
Due to gravity, the discharge from the sloping sandy aquifer (i5 108) intensiﬁes. As a result, SSat decreases
fast and soon drops to zero (Figures 8a3, 8b3, and 8c3). Although SUsat also increases relatively quickly at
the initial stage as SSat decreases, it starts to decline after reaching a maximum level at an increasingly
slower rate over time. Similar to the horizontal aquifer case, the ﬁrst transition point separating the short-
time and long-time regimes corresponds to the time when SUsat is the highest at the time of t2 (indicated
by the yellow circle in Figures 8a3, 8b3, and 8c3), beyond which SUsat starts to decrease. By the time of t4,
the saturated zone disappears across the whole aquifer (pointed out by the vertical grey dashed line), and
the unsaturated ﬂow alone contributes to the discharge at an increasingly slower rate, resulting in the
longer-time regime. Starting from t4, the decline of SUsat slows down (Figures 8a3, 8b3, and 8c3). We further
analysed SSat and SUsat for slope angles of 58 and 208 as shown in supporting information Figures S5–S7,
which supports the ﬁnding with a similar variation trend.
For the loamy rectangular, divergent and convergent aquifers, the overall variations of SSat and SUsat for
slope angles of 08 and 108 are similar to those in the sandy aquifers with corresponding hillslope geome-
tries. SSat slowly decreases to zero while SUsat rises to reach and remain at the peak level when the aquifer is
horizontal (Figures 8a2, 8b2, and 8c2). The slope (108) intensiﬁes the aquifer discharge, leading to faster
reduction in SSat and the decline of SUsat after the maximum level is reached (Figures 8a4, 8b4, and 8c4).
Despite the similarities discussed above, the recession curves in the loamy cases do not show a clear con-
trast between the long-time and longer-time regimes as those in the sandy cases (Figures 3–5), due to the
different capillary effects of sand and loam. For sandy cases, when unsaturated zone becomes the only con-
tributor to the discharge process at t4, the corresponding SUsat resulting from the relatively weak capillarity
is much lower than the initial/maximum SSat , and thus unable to maintain the antecedent decreasing rate
of Q. In comparison, the strong capillary effect of loam acts as a buffer. It can be seen from Figures 8a4, 8b4,
and 8c4 that SUsat is even higher than the initial/maximum SSat at t4, indicating the dominance of unsatu-
rated ﬂow. Even though SUsat falls after reaching the maximum at t4, it declines quite slowly and remains at
a relatively high value that is comparable to SSat of the early stage. In this regard, the strong capillary effect
of loam sustains gradual aquifer discharge for a long period after t4, thereby leading to a less contrasting
transition from the long-time to longer-time regime. This ﬁnding is also conﬁrmed by the variation pattern
of SSat and SUsat for slope angles of 58 and 208 (supporting information Figures S5–S7).
Finally, we compared the slope of the longer-time regime b3 for sandy and loamy hillslope aquifers with dif-
ferent geometries and slope angles (Figure 9). In general, after an initial rapid increase with slope angle ris-
ing from 58 to 108, b3 increases slightly or remains almost unchanged as the slope angle further rises,
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regardless of soil types and hillslope conﬁgurations. For sandy aquifers, as the width of the outlet gets nar-
rower (divergent ! rectangular ! convergent), b3 exhibits an overall increasing trend. In comparison, for
loamy aquifers, b3 increases ﬁrst when the hillslope changes from the divergent to rectangular conﬁgura-
tion, and then decreases with further transition from the rectangular to convergent hillslope. Notably, b3 is
identical for loamy divergent and loamy convergent aquifers with slope angles of 158 and larger.
4. Concluding Remarks
In this study, we revisited the recession process by considering the effects of unsaturated ﬂow during the
hillslope drainage process. The key ﬁndings include the following:
1. Although the recession curves of hillslope aquifers become more complicated when capillary effect is
included, they still take the multisection power law form.
2. Speciﬁc to the scenarios considered in present study, the original HSB equation not involving the capil-
lary effect would produce recession curves that deviate more from the ‘‘actual’’ ones.
3. Capillary effect plays an important role in affecting the recession curves, and the signiﬁcance is evident
for different hillslope geometries (e.g., rectangular, divergent, and convergent). Under certain conditions,
three rather than two distinct recession regimes exist, particularly for relatively steep aquifers consisting
of soil with weak capillarity (e.g., sand). Also, the slope of the third recession regime (b3) is quite insensi-
tive to slope angles of 108 and greater, irrespective of soil type and hillslope geometry.
4. More values were revealed for b2, which depends on the slope angle, soil type and hillslope geometry,
varying between 0 and 2. Moreover, b2 decreases as the slope angle increases regardless of the soil type
and hillslope geometry; but the rate of reduction is the fastest for sandy aquifers.
5. Unsaturated ﬂow plays a role in affecting the recession curves. The time-dependent water storage variation
in the unsaturated zone leads to the appearance of two transition points and thus three recession regimes.
6. The drastic drop of2dQ=dt at the transition point from the ﬁrst to the second recession regimemay not exist in
reality, as thewater retention of the unsaturated zone andwater release to the saturated zonemay smooth it out.
It should be emphasized that the above ﬁndings are speciﬁc to the settings adopted in this study. In certain
situations, the role of unsaturated ﬂow may be safely neglected, e.g., for aquifers of coarse sands. This study
focused on the predictions of hillslope discharge by different HSB models with and without capillary effect
considered. Future investigations should be carried out to examine further the behavior of coupled unsatu-
rated and saturated ﬂow during the hillslope drainage process.
In this study, we neglected recharge and evaporation as well as spatial variations in hydraulic conductivity
of soil. Furthermore, the longer-time regime observed in this study occurs when the saturated zone van-
ishes, which is not that common at the catchment scale. Although the uncertainty due to these factors
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Figure 9. b3 of (a) sandy and (b) loamy aquifers with different hillslope geometries, produced by Kong-HSB model for different slope angles.
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requires further research, this study has advanced our understanding of the recession ﬂow analysis by
revealing the signiﬁcant effects of unsaturated ﬂow on the hillslope recession characteristics.
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